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Abstract 
Artificial selection in dairy cattle since 1964 has achieved steady increase in milk 
production that was accompanied by unintended declines in fertility. We conducted 
selection signature analysis to identify genome changes due to the forty years of selection 
using direct comparison of 45,878 SNPs between Holstein cattle unselected since 1964 
and contemporary Holsteins. The Holstein genome had a landscape change from the 
unselected to the elite contemporary Holsteins. About 31% of the genome was affected 
by the forty years of selection, and 230 regions had highly significant changes in long-
range allele frequencies and genotypic heterozygosity. From these 230 regions, 197 genes 
with documented fertility functions mostly in mice and humans were identified, leading 
to the hypothesis that the unintended declines in fertility since 1964 was due to 
hitchhiking of selection by negative effects of fertility genes. The female-male ratio of 
the 197 fertility genes is approximately 5:4, indicating that the fertility problems in the 
contemporary Holstein population likely was due to decreased fertility in both females 
and males. The elite Holsteins were more heterozygous than their contemporaries in all 
thirty regions where the elite cows and their contemporaries had significant 
heterozygosity differences, including seven regions in or near large clusters of olfactory 
receptors, zinc fingers, cationic amino acid transporters, sialic acid-binding Ig-like genes, 
vomeronasal receptors, keratin genes, EMR2 receptors, and transfer RNA’s. 
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Chapter 1 
Introduction 
 
For the past 50 years, milk production in Holsteins continued to increase but fertility 
experienced severe declines, as shown by the opposite trends in yield and daughter 
pregnancy rate (DPR) in Fig. 1 [1-4]. Successful conception in Holstein cows now 
requires ~30 days longer than those of 50 years ago (−1% DPR = +4 Days Open) [5]. 
Although reproduction traits generally exhibit low heritability [6-8], the genetic 
antagonism of milk production and fertility, as well as the unfavorable decline in fertility 
that occurred during genetic selection, revealed the importance of genetic contribution to 
fertility traits [4, 7-12]. In addition, variation in fertility between and within breeds 
indicates the possibility of improving the genetic component of fertility without severely 
slowing genetic gain for milk production [3, 12-14], which has been supported by the 
stabilization or even reversal of the declining trend in DPR after 2003 (Fig. 1B), when 
fertility started to be included in the selection program [5]. 
Dairy fertility is a complex phenotype affected by many factors that include nutrition, 
management, environment, and genetics [3, 15-18]. The complex nature of fertility calls 
for the use of all available resources and tools to understand and improve the genetic 
component. We hypothesize that genetic factors with additive and non-additive effects 
contribute to fertility, and sequence-based large sample analysis will lead to the most 
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productive genomic discovery and application to improve fertility traits. The overall goal 
is to discover causal/tightly linked genetic variants and apply the genomic discoveries to 
improve dairy fertility. The specific aims are to: 1)  Identify genomic regions under 
selection by using SNP and haplotype-based selection signature analyses; and 2) Link 
genomic regions under selection to production and reproduction phenotypes of dairy 
cattle. 
Large-scale sequence-based studies are on-going in humans [19-21] and will be the 
future for animals [22-24]. Genome sequence covers all genes and genomic regions that 
affect fertility, hence offering the best power to detect fertility-related variants/regions 
and to predict fertility traits. The genetic components of fertility range from simple 
monogenic effects like recessive lethals [25, 26] to complex mechanisms that involve 
multiple genes with additive and non-additive effects [27-31]. The unprecedented big 
data in this proposal will provide the highest power to dissect the simple and complex 
genetic effects for fertility traits out of random noises that mask the underlying genetic 
mechanism.  
Sequence-based genomic selection can potentially improve accuracy by increasing the 
linkage disequilibrium (LD) between SNP markers and causal mutations, particularly for 
fertility traits where causal mutations are of low frequency because of selection [23, 32-
36]. We have obtained preliminary results using a multi-allelic haplotype approach to 
integrate functional genomic information into genomic selection that uses ‘causal 
regions’ than ‘causal variants’ [37, 38], making the research discovery more readily 
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applicable to genomic selection. While current SNP chips do not have enough SNPs in 
many genes, sequence data provide the best coverage of large/small functional regions 
for haplotype analysis. Fertility-related genomic variants and regions discovered by this 
research can be readily utilized in genomic selection via our new multi-allelic haplotype 
approach through the implementation and dissection from the USDA Animal Genomics 
and Improvement Laboratory (AGIL). 
 
1.1 National dairy genomic and phenotypic database at AGIL  
The AGIL (Animal Genomics and Improvement Laboratory) maintains a large 
national dairy genomic and phenotypic database. Research on genomic selection has 
revolutionized the AI industry: predictions of genetic merit enhanced by the genome-
wide SNP data are being calculated and actively used by dairy breeders to make selection 
decisions. The development of SNP genotyping and imputation have opened up many 
opportunities [39, 40]. As part of the program AGIL developed with the industry, 
monthly genomic evaluations are provided for the Holstein, Jersey and Brown Swiss 
breeds. Breeding organizations (AI studs) and breed associations arrange for the 
genotyping and distribute the resulting genomic evaluations. 
As of March 2015, the USDA national dairy database has 738,829 Holstein cattle with 
directly measured/imputed 60K SNP data. A total of 2,433 animals have been genotyped 
with high-density (HD) assays with 770K SNPs. The number of genotyped animals 
increased exponentially, with 253,149 genotypes being received during the past 12 
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months. Additionally, the team has acquired access to ~842 cattle whole-genome 
sequences that can be used to impute sequence variants to all the genotyped animals. 
Millions of phenotypic records have been collected for over 33 phenotypes that are 
routinely evaluated, including 13 reproduction related traits: daughter pregnancy rate, 
heifer and cow conception rates, sire conception rate, sire and dam stillbirth, sire and dam 
calving ease, sire and dam gestation lengths, age at first calving, services to conception, 
and calving to first insemination.  
 
1.2 Genome-wide selection signature analysis identifies genes related to fertility 
Selection signature analysis detects genome changes due to selection that results in 
long-range linkage disequilibrium (LD) and haplotype homozygosity at the chromosome 
regions subjected to selection [41, 42]. This approach has the advantage of being 
unaffected by phenotypic variations with errors, and has been increasingly used for 
finding genetic factors associated with phenotypes under selection [41-56]. The 
combination of GWAS and selection signature results increase the power for finding 
genetic factors associated with phenotypes [57]. The decline in fertility during the past 50 
years of artificial selection for milk yield likely had their selection signatures. 
We have obtained results of selection signatures using the bovine 60K SNP chip [58-
60]. Several regions showing selection signatures overlapped with fertility-related genes, 
including FGF1, FBN1, DUT, PGF, ESRRB, LHCGR, FSHR, KITLG, FGF6, FGF26, 
TIGAR, CCNG, GHR, PRLR, and a Bovine MHC region on Chr23 (Figure 1.2). With 
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whole-genome sequences of a large sample with many phenotypes, more selection 
signatures will be identified with high degree of accuracy and can be used for the 
discovery of causal/linked genes and variants of fertility. Many of these genes are known 
to affect fertility. FGF1 is involved in broad mitogenic and cell survival activities 
including embryonic development [56], PGF plays a key role in embryogenesis [61], 
ESRRB plays an essential role in placenta development [56], FSHR is necessary for 
follicular development and is expressed on the granulosa cells that are closely associated 
with the developing female gamete in the ovary of mammals [19], and LHCGR is 
necessary for follicular maturation and ovulation [62]. Mouse knockout models showed 
that FSHR, KITLG, CCNG2 and PRLR were involved in female fertility proteins [63]. 
These known gene functions related to reproduction and the fact that these genes were in 
or near chromosome regions with strong selection signals indicate that these genes could 
be involved in the vast difference in fertility between contemporary Holsteins and the 
1964 Holsteins. 
 
1.3 Genome-wide association analysis of fertility traits 
Previously, USDA NRI funded genome-wide association study (GWAS) using a 50K 
SNP chip in over 1,600 contemporary Holstein cows for 31 dairy phenotypes, which 
identified a number of candidate genes for daughter pregnancy rate (DPR) on Chr 1, 7, 18 
and X, for calving ease on Chr18, and for stillbirth on Chr15 and Chr23 [64]. Combining 
results of selection signature analysis and GWAS led to improved accuracy and increased 
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power in gene mapping and variants discovery [57]. Therefore, we compared the Holstein 
genomes of a group of cattle unselected since 1964 to contemporary and elite cows and 
identified a number of chromosome regions that have been subjected to selection, 
including a Chr1 region with a large number of SNP effects for DPR. We also discovered 
evidence of potential involvement of microRNA genes in dairy phenotypes on Chr21 
[58].  
GWAS analysis using 50K SNP assay in >5,000 Holstein bulls from the AGIL dairy 
genomics database identified a cluster of SNP markers on Chr18 that have the largest 
effects on calving ease, conformation traits, longevity, and total merit [65]. Additional 
sequence data from 11 US Holstein bulls have been used to identify putative causal 
mutations associated with calving and conformation traits. One duplication CNV and two 
different tandem duplication events were detected in the Chr18 candidate locus. Predicted 
tandem duplications present in the carrier animals suggest that the portions of two exons 
and a connecting intron within the Ig-like protein domains of the SIGLEC-6 gene may 
have been duplicated. Some heterozygotes with desirable sire calving ease also have 
deletions near the N-terminal end of the protein. Additionally, the research team at AGIL 
has successfully identified causative mutations in several haplotypes associated with 
spontaneous abortion, embryonic death, and other fertility disorders in dairy cattle using 
sequences of candidate genes [25, 66, 67].   
GWAS results provided useful insights into the genetic mechanism of complex 
diseases and traits, but most of these associated SNPs are genetic markers linked to 
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causative mutations. Compared to genotype data, sequence data have the highest power 
and accuracy by directly measuring every single genetic variant and testing for its effect 
on a trait of interest, and provides the best coverage for haplotype analysis of functional 
regions. With the rapid development of techniques and decreasing cost of high-
throughput sequencing, sequenced-based GWAS have recently been applied to humans to 
identify causative genes and mutations of complex traits and diseases [68-70]. Our 
preliminary results of haplotype analysis using human data indicated that sequence data 
would provide the best coverage for many tiny functional regions that were not covered 
by the 500K SNPs [37, 38]. 
 
1.4 Integration of functional genomic information with genomic selection 
Genomic selection based on evaluation of an individual’s SNP markers has been 
shown to achieve increased accuracy over traditional evaluation [71, 72]. An example for 
illustrating the usefulness of gene-based selection is the discovery of some low-frequency 
recessive lethal haplotypes in U.S. dairy breeds [25, 66, 67]. For more complex traits that 
have no major QTLs, genomic selection using whole-genome SNP markers provides 
higher accuracy [72]. While the actual effectiveness of using sequence data in genomic 
selection is under debate [33-35], for fertility traits, sequence-based genomic selection 
could potentially improve accuracy by better capturing the causal mutations that are 
generally of low frequencies due to selection [23, 32-36]. 
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We have developed a multi-allelic haplotype approach to integrate functional genomic 
information with genomic selection [37, 38]. Using the Framingham Heart Study (FHS) 
data, we have shown that the new approach is superior in prediction accuracy. We 
compared three methods of genomic prediction using combinations of additive and 
dominance effects of single SNPs and haplotype blocks. Method I was single SNP 
analysis of 423,131 SNPs covering all human autosomes with over 6000 individuals. The 
next two methods add haplotype analysis with functional information: Method II adds 
haplotype analysis of 595 ‘cholesterol related genes’ with 8,674 SNPs (2% of 
autosomes); and Method III adds haplotype analysis of 9821 genes with 184,686 SNPs 
(36% of autosomes) after removing small genes without at least two SNPs. The results 
from 4-8 validation samples showed that adding haplotype analysis to single SNP 
analysis improved prediction accuracy in most cases. Method II with cholesterol related 
genes had the best prediction accuracy for total cholesterol with 4.78% increase in 
accuracy over single SNP analysis, and Method III using all autosomal genes had the best 
accuracy for triglyceride with 17.75% increase in accuracy over single SNP. Results were 
also obtained from one validation sample for adding three other haplotype analyses to 
single SNP analysis: ChIPseq sites with 375,924 SNPs and average block size of 
115.8Kb; non-hotspot blocks with each block between two crossover hotspots with 
422,695 SNPs and average block size of 65Kb, and evenly divided blocks with block size 
of 100Kb of 422,814 SNPs. All three methods improved the prediction accuracy for most 
phenotypes but ChIPseq blocks mostly had better prediction accuracy than the other two 
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methods, indicating that ChIPseq sites likely contained useful functional information for 
genomic prediction not present in anonymous blocks. These preliminary results 
concluded that a multi-allelic haplotype approach together with functional regions 
provides more accurate genomic prediction than single-SNP methods. 
 
1.5 Rationale and Sigificance 
While dairy production has increased due to intense artificial selection, dairy fertility 
has experienced severe declines over the past 50 years. Dairy fertility has low additive 
heritability; however, the negative genetic correlation between milk yield and fertility and 
the declines in fertility occurred during genetic selection suggest the existence of genetic 
contribution to fertility. Differences in fertility between breeds and differences between 
Holstein cattle unselected for 50 years and contemporary Holsteins, as well as the 
existence of elite cows in both production and fertility, also suggest the existence of 
genetic contribution to fertility and indicate the possibility of improving fertility without 
much sacrifice in milk production. Recent efforts in genetic improvement of dairy 
fertility have already achieved some stability in fertility performance, but a complete 
reversal of the declining trend remains a difficult task. The USA has the largest quantity 
of dairy genomic and fertility data and has a unique group of Holstein cattle unselected 
for 50 years. The rapid advances in sequencing technologies and analytical and 
computational expertise from our group provide unprecedented powerful tools for 
genomic discovery and application to improve dairy fertility. 
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The rationale can be summarized as: 1) Fertility of the Holstein breed has 
experienced serious declines over the past 50 years and is now faced with the challenge 
of improvement to stay competitive, 2) Genomic tools have developed to the point that a 
translational genomics solution to the fertility problem becomes practical, 3) DNA 
sequencing technology has developed to the point that finding causal polymorphisms 
affecting phenotypes has become affordable and achievable, 4) US national dairy 
genomic database has accumulated a huge amount of genotypic and phenotypic data for 
almost a half million dairy bulls and cows, and the number is rapidly increasing, 5) 
Access to a considerable amount of dairy sequence data generated from our group and 
through collaborations, and the ability to impute many cows to whole-genome sequence, 
and 6) Expertise and experience accumulated so far promise an effective discovery and 
delivery process of the proposed genomic discovery and prediction system to the dairy 
industry. The genomic solution will include the use of the state-of-the-art genome 
sequencing technology for identifying SNP effects and causative/tightly linked 
polymorphisms underlying fertility and related traits, and improved genomic selection 
models for reproduction to the dairy industry by adding causative/linked polymorphisms 
to the existing evaluation markers. The genomic solution to the decreasing fertility is 
expected to be the most comprehensive and thorough among those thus far available, 
providing a powerful genome-guided breeding for improving dairy fertility.  
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Figure 1.1. Opposite trends in milk yield (A) and daughter pregnancy rate (B) for 
Holstein or Red & White (Animal Genomics and Improvement Laboratory, 
USDA/ARS, 2014/12). 
A 
B 
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Figure 1.2. Preliminary genome scan of transmission ratio distortion using <60K 
SNPs in Holstein (A) and Jersey (B). On the y-axis are the –log10(P-value) of the test of 
TRD and on the x-axis are the chromosome locations of the autosomal SNPs. 
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Chapter 2 
SNP-based selection signature analysis in three groups of 
Holstein cattle that underwent different selection pressures 
 
2.1 Introduction 
Genetic selection of U.S. Holstein cattle since 1964 has resulted in tremendous 
phenotypic changes. By 2004, average annual yields of milk, protein and fat per cow 
increased 3740 kg, 167 kg, and 193 kg, respectively, but dairy fertility measured by 
daughter pregnancy rate (DPR) experienced serious declines, with contemporary 
Holsteins requiring about thirty days longer than the required by the 1964 cows for a 
successful conception, as shown by the genetic trends [73, 74] shown in Figure 2.1. 
During the same time period, selection for body appearance traits also resulted in many 
changes [75]. The genetic trends shown in Figure 2.2 between a group of U.S. Holstein 
cattle unselected since 1964 and a group of selected contemporary Holstein cows 
maintained at the same University of Minnesota dairy facility under the same 
management and environment conditions [76] imply that the phenotypic changes of the 
Holstein cows during the past forty years were primarily genetic changes due to artificial 
selection. Genetic selection leaves its signature on the genome. Allele frequency change 
is the most fundamental change due to selection, and a genomic region subjected to 
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selection typically has a long-range pattern due to linkage disequilibrium (LD) between 
the selection target and neighboring variants [42, 47].  
We investigate selection signature of the fifty years of artificial selection by 
comparing direct comparison of the genomes of three groups of Holstein cattle 
representing no selection, twenty years of selection, and forty years of selection since 
1964. We show that the forty years of artificial selection resulted in landscape changes of 
the Holstein genome and left signatures indicative of genome regions affected by 
selection.  
 
2.2 Material and Methods 
2.2.1 Holstein populations and genotyping data 
Three groups of Holstein cattle representing three periods of artificial selection were 
analyzed. Group I represented Holstein genomes of the 1950’s and was used as a sample 
of the unselected Holstein genomes since 1964. This group included a Holstein 
unselected line since 1964 with 301 cattle (229 cows and 71 bulls) derived from 20 
founder bulls born in 1951-1959, and included 16 bulls born in 1954-1959. Group II 
consisted of 215 bulls born between 1975 and 1985, and Group III consisted of 1655 
contemporary cows representing Holstein cattle approximately subjected to forty years of 
artificial selection for increased milk yield. Signature of forty years of selection was 
detected by comparing Groups I and III, while signature of selection during the first and 
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second 20 years of selection since 1964 was detected by comparing Group II and Group I 
and Group III, respectively. The SNP genotypes were generated using the Illumina 
BovineSNP50™ BeadChip (REF). A total of 45,442 SNPs on the 29 autosomes and the 
X chromosome had a minimal allele frequency difference of 0.02 between the 
contemporary and unselected groups (Groups I and III) were used in the selection 
signature analysis.  
 
2.2.2 Selection signature analysis 
Selection signature analysis used long-range heterozygosity (H) measures [19], and long-
range allele frequency differences (AFD) and standardized AFD in sliding windows of 
SNP markers for genome-wide scan of selection signatures. Let n = number of SNP 
markers in a given sliding window of SNP markers, Sj = H or AFD of marker j in this 
sliding window, j = 1, …, n; lj = marker index at the lower bound of window for marker j; 
uj = marker index at the upper bound of window for marker j; and Xj = long-range H or 
AFD of marker j calculated as the average of all H or AFD values of SNP markers in the 
sliding window. Then, Xj is calculated as 
 
 
Standardized H and AFD were calculated using the formula of standardized normal 
variable, i.e., Z = [X – (mean of X)]/(standard deviation of X). To account for different 
chromosomal averages and variations, within-chromosome mean and standard deviation 
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was used. For the standardization of long-range AFD or Fst values in sliding windows, 
the mean and standard deviation of the AFD or Fst values of all SNP markers of the 
chromosome were used. This type of within-chromosome standardization removes the 
chromosome mean and variation in AFD and Fst values so that the AFD and Fst values of 
different chromosomes can be compared taking into account different chromosome 
means and variations. This within-chromosome standardization can be formulated as: 
   
 
 
Linkage disequilibrium (LD) and haplotype analyses [23] as well as extended haplotype 
homozygosity (EHH) analysis [24] were conducted following the initial scan of selection 
signatures using long-range heterozygosity and AFD measures. LD and haplotype 
analyses used Haploview [23] and extended haplotype homozygosity (EHH) analysis was 
carried out using Sweep-1.1 [24]. Phased genotypic data as input files for Sweep 1.1 were 
produced by FASTPHASE [25].  
 The Sweep computer program was used for selection sweep analysis in the selected 
contemporary population and the unselected population since 1964. The Sweep program 
implements a long range haplotype homozygosity test that was shown to be more 
powerful than traditional methods for detecting selection signatures. For each core region 
(or haplotype block) identified by Sweep, EHH-distance and bifurcation figures were 
produced for the haplotype that had a selection advantage in the selected population as 
( )
( )
1n
XX
Xσand
n
X
X  with ,
n
1i
2
i
n
1i i
−
−
== ∑∑ ==( )Xσ
XX
Z jj
−
=
  
 
 
17 
 
measured by higher haplotype frequency in selected population than in the unselected 
population. This haplotype was considered to have been subjected to positive selection if 
the EHH-distance and bifurcation figures showed long range EHH patterns. The 
comparison of EHH patterns between selected and unselected populations excluded cores 
that could have been considered candidates of selection signature due to similar EHH 
patterns in both selected population and unselected populations. For cores not matched or 
partially matched in the unselected population, haplotype frequencies for SNPs in the 
cores of the selected population were calculated in both selected and unselected 
populations to study the haplotype diversity between the two populations. Localization of 
SNPs in selection signatures relevant to known bovine genes was based on the bovine 
gene database of NCBI and ENSEMBL. 
 
2.3 Results and Discussion 
The Holstein genome landscape changes due to forty years of artificial selection 
comprised of a time shift of genome variation patterns, genome-wide changes in allele 
frequencies, and localized genome changes that are signatures of genetic selection. In or 
near selection signatures, about 150 genes with documented fertility functions affecting 
male and female fertility mostly in mouse and human were identified. We obtained these 
results by direct comparison of 45,875SNPs in three groups of Holstein cattle at different 
selection stages: Group I remained unselected since 1964 (no selection for the past 
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twenty years, n = 301), Group II subjected to twenty years of selection between 1964 and 
1985 (n = 215, bulls born 1975-1985), and Group III of contemporary cows subjected to 
twenty years of selection (n = 1654). Group III has an elite group consisting of 160 half-
sibs[75] that are defined as Group IIIb, while the rest of Group III are defined as Group 
IIIa.   
 
2.3.1 Time trend of the changing Holstein genome 
The Holstein genome had a clear time trend of landscape change from the unselected to 
the contemporary Holstein genomes. In the multidimensional scaling (MDS) plot of the 
first dimension versus the second dimension of the SNP identity by state (IBS) 
distances[77], the Holstein genomes unselected since 1964 (Group I) were in the lower 
left, the Holstein genomes subjected to twenty years of selection (Group II) were in the 
middle of the figure, and the contemporary Holstein genomes subjected to forty years of 
selection (Groups IIIa and IIIb) were at the upper right with the elite group (Group IIIb) 
at the extreme upper-right (Fig. 2.2a). In the plot of the first MDS dimension versus birth 
year in the 54-year period of 1953-2007, the unselected Holstein genome (Group I) was 
relatively unchanged across birth years for Group I without selection, shifted to the 
middle in the upper-right direction for Groups II with twenty years of selection, and 
reached to the upper-right for the Groups IIIa and IIIb representing forty years of 
selection with Group IIIb at the extreme upper-right (Fig. 2.2b). We further estimated the 
genome changes at the SNP level and at regional level showing signatures of selection.  
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We estimated that approximately 40% of the Holstein genome was affected by the 
forty years of selection using the non-random AFD method.  We first estimate the 
frequency of random AFD between a random sample of 250 cows and the remaining 
1404 cows of Group III. As shown in Table 2.1, the largest random AFD was 0.103 and 
all AFD above 0.10 except one value of 0.103 were due to selection. Using AFD>0.10 as 
non-random AFD due to selection and requiring that AFD changes in the first and second 
twenty years were in the same direction, 18,229 SNPs (39.7%) satisfied these two 
conditions, or approximately 40% of the Holstein genome were affected by the forty 
years of artificial selection. The AFD results in Table 2.1 indicate that the first twenty 
years of selection resulted in more genome changes than the second twenty years of 
selection. This is consistent with the fact that milk yields were the primary selection 
targets during the first twenty years, whereas more phenotypes were added for genetic 
selection during the second twenty years of selection since 1985 [78]. Long-range 
standardized AFD ( AFDZ ) also showed that the long-range patterns of genome changes of 
the first twenty years of selection better aligned with those of forty years of selection than 
the second twenty years, consistent with the result that the first twenty years of selection 
had more allele frequency changes than in the second twenty years of selection.  
We identified 217 genome regions with signature of selection using AFDZ  and 
standardized long-range heterozygosity differences ( HDZ ). A genome region AFDZ ≥3 or 
| HDZ |≥3 in sliding windows of 0.5-3Mb is considered a selection signature, and the size 
of the selection signature is defined as the region with AFDZ ≥2 on both sides of the peak 
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AFDZ  value or | HDZ |≥2 on both size of the peak | HDZ | value. These 217 genome regions 
with selection signature contained 2710 genes, average size of 753.7Kb per region in the 
range of 44.3-7098.6Kb per region. These selection signatures provided evidence to 
understand the relationships between genome changes due to genetic selection and the 
unintended consequence of the declined fertility that accompanied genetic selection, to 
identify genomic regions associated with phenotypes in the contemporary Holstein cattle, 
and to understand special gnomic features of an elite group of contemporary cows sired 
by a single bull. 
Five examples of such selection signatures on four chromosomes are shown in Fig. 
2.3. Three of these five regions (Chr 7,12 and 23) had significant heterozygosity 
decreases (or homozygosity increases) because the unselected Holsteins had intermediate 
allele frequencies (near 0.5) and the forty years of selection resulted in more extreme 
frequencies in these regions, and in contrast, the two Chr16 regions all had 
heterozygosity increases because the unselected Holsteins had relatively extreme allele 
frequencies and the forty years of selection resulted in intermediate allele frequencies in 
these two regions. Most of the AFD was due to the second twenty years of selection for 
the Chr7 and Chr12 selection signatures. The two Chr16 selection signatures were mainly 
due to the first 20 years of selection. All forty years of selection affected the Chr23 
selection signature that is located in the bovine major histocompatibility (MHC) region 
that plays a central role in cattle’s immunity. The four selection signatures (Fig. 2.3a, Fig. 
2.3c-2.3d) were due to selection in all contemporary Holsteins (Group III). ). The Chr12 
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selection signature at 35.9-37.2Mb (Fig. 2.3b) was most pronounced in the elite Holsteins 
(Group IIIb) although this selection signature was observed in all contemporary Holsteins 
(Group III). The Chr7, Chr12 and Chr23 selection signatures contained genes with 
documented fertility functions or effects (genes shaded in yellow in Fig. 2.3), while the 
Chr16 selection signature at 43.6-44.5Mb was about 1Mb downstream of five fertility 
genes.  
 
2.3.2 Selection and fertility  
The selection signature analysis provided, for the first time, evidence that fertility 
genes were also under selective pressure during the forty years of genetic selection which 
was mostly focused on milk production. Out of the 217 genome regions with signature of 
selection, 117 regions either contained or were close to potential fertility genes, with 84 
regions containing fertility genes, and 33 regions were upstream or downstream of 
fertility genes mostly within 1Mb distance. In these 117 regions, we identified 196 genes 
with documented fertility functions or effects, including 77 genes for male fertility, 97 
genes for female fertility, and 22 genes for fertility in both males and females (Table 2.2). 
The fact that these fertility genes are in or near targets of direct genetic selection indicates 
that the unintended decline in dairy fertility since 1964 was due to the fertility genes that 
accompanied genetic selection, with negative fertility effects hitchhiked by genetic 
selection for milk production. The fact that male and female fertility genes had a 
relatively even ratio (77:98, or approximately 4:5 male:female ratio) indicates that 
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today’s dairy fertility problems likely were due to declined fertility in both males and 
females. 
The 196 fertility genes identified by selection signatures were distributed on all 
autosomes and the X chromosome. Chr3 had the largest number (thirteen genes in eight 
regions) and Chr6 had the smallest number (1 gene). Several selection signatures each 
identified multiple fertility genes, including the bovine MHC region of Chr23 with five 
genes, the SPATA16-MECOM region of Chr1 with four genes and the Holstein lethal 
haplotype 1, the ELMO1-DPY19L2 region of Chr4 with four genes, the ACRBP-CCND2 
region of Chr5 with four genes, the NPC2-ESRRB region of Chr10 with six genes, the 
TARDBP-MTHFR region of Chr16 with five genes, and the YBX2-SHBG region of Chr19 
with five genes. We recently showed that the middle of a cattle chromosome generally 
had lower recombination rate. The five selection signatures in Fig. 2.3 except that of 
Chr10 were in regions with low recombination rate. Other than Chr6 and Chr25, every 
chromosome had fertility genes in the middle region of the chromosome with lower 
recombination rate. The middle region of Chr23 corresponding to the bovine MHC 
region had the lowest recombination rate among all autosomes. The hitchhiking effects of 
fertility genes in the middle regions of the chromosomes could have been enhanced by 
the decreased recombination rates in those regions. Many of the fertility genes had 
multiple journal articles documenting their fertility functions, e.g., AR, BMP15, CD9, 
ESR1, FSHR, HSD17B2, LHCGR, MSH5, NANOS2, POF1B, POU5F1, PRLR, SPEF2, 
SRY, STAR and TSG-6. The 196 fertility genes have a wide-range of documented fertility 
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functions, ranging from completion of meiosis, to testis development, spermatogenesis 
and spermiogenesis,  semen mobility and morphology, and male infertility on the male 
side; to follicle, oocyte and embryo development, embryo implantation and survival, 
placenta development, uterine receptivity and environment, miscarriage and premature 
ovarian failure, pregnancy rate, and female infertility on the female side; and to the joint 
male-female fertility function of fertilization and sperm-egg fusion. These results support 
the hypothesis that today’s Holstein problems were due to negative effects of many 
genetic factors associated with many aspects of fertility accumulated through hitchhiking 
of the forty years of genetic selection. 
 
2.3.3 Selection and immunity  
The results of selection signature analysis showed that immunological genes also had 
changes due to hitchhiking of genetic selection, similar to fertility of contemporary 
Holsteins. The bovine MHC region was subjected to selection in the entire forty-year 
period (Fig. 2.3). The selection signature at 21.5-22Mb is 0.4Mb upstream a large cluster 
of T-cell receptors and immunoglobulin kappa and lambda chains. Several other well 
documented immunity genes were also in or near selection signatures, including 
interleukin genes (IL1R1 [79], IL1R2 [79], IL1RL2 [79], IL4R [80], IL6R [81], IL6ST 
[82], IL21R [83], IL22RA1 [84], IL33 [85]), cluster of differentiation (CD) genes (CD9 
[86], CD19 [87], CD27 [88], CD28 [89], CD48 [90], CD80 [91], CD84 [92], CD244 
[93]), BCL11B [94], BCL2 [95], IKBKB [96], NFKBIL1 [97], and TSG-6 [98], noting that 
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IL6R, IL6ST, IL33, CD9, CD48, BCL2 and TSG-6 are also among the fertility genes. 
 
2.3.4 Cluster of genes within the same gene family or type  
Clusters of several gene families, including olfactory receptors at 58.07-60.54Mb of 
Chr5 and 79-82Mb of Chr15, T-cell receptors at 21.5-22Mb of Chr10, microRNA genes 
at 67.3-67.8Mb Chr21, transfer RNA’s and olfactory receptors at 30-31Mb of Chr23, and 
zinc fingers, cationic amino acid transporters, sialic acid-binding Ig-like genes, and 
vomeronasal receptors at 58.7-61.4Mb of Chr18.   
 
2.3.5 Single genes, gene-sparse regions, CNV  
The number of genes in each selection was in the range of 0-166, for a total of 
approximately 2700 genes in the 217 selection signatures, not counting aforementioned 
clusters of special types of genes. A selection signature with a single gene identifies the 
single gene as an apparent target of direct genetic selection. Twenty nine selection 
signatures each had single genes, including SLC9A9, RND3, PARD3B, MGC139448, 
DPYD, ARPC2, HGF, ATP2B1, TMEM117, TLE4, CYLC2, SPACA1, SORL1, BRINP3, 
RFWD2, USP38, FAT4, WWOX, LOC781392, PPAP2A, SPEF2, SUCLG2, MGMT, 
TUSC3, CCSER2, LOC524642, MGC157332, AR, and DMD. Twenty three selection 
signatures were in blank chromosome regions without any coding gene. Two largest 
gene-sparse regions with signature of selection were the 13-17.4Mb region of Chr1 with 
NCAM2, and the 13.2-18.3Mb region of Chr24 with PIK3C3. Forty eight regions 
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contained copy number variations (CNV), with six regions containing CNV only, and the 
region with CYLC2 on Chr8 overlapped with a CNV region. Some of these selection 
signatures turned out be mostly due to selection in the elite Holsteins (Group IIIb). 
 
2.3.6 The signature of an elite contemporary family  
The elite group of 160 contemporary cows (Group IIIb) was from a half-sib family 
sired by a single bull. Of these 160 cows, 153 were classified into the upper-right cluster 
in Fig. 2.2a. This group of cows had high milk production, low somatic cells in the milk, 
high daughter pregnancy rate (DPR) relative to the remaining contemporary cows and 
least calving problems[75].  Although the elite line has better DPR than the rest of the 
contemporary Holsteins, the elite line still has much lower DPR than the unselected 
cattle. Approximately, the elite cows required 5.89 days shorter than the remaining 
contemporary cows (DPR=1.18 in Group IIIb and DPR=-0.29 in Group IIIa) but 26.36 
days longer than the unselected cows (DPR=7.77 in Group I) for successful conception 
[YD: recalculate using latest PTA]. 
Long-range standardized AFD and HD identified fifty regions with significant 
differences between the elite group (Groups IIIb) and the rest of the contemporary cows 
(Group IIIa). A striking difference between these two groups was the increased 
heterozygosity in the elite group. The elite group was more heterozygous than the 
remaining contemporary cows for all the thirty regions with significant difference in 
heterozygosity (| HDZ |≥3) between these two groups. These highly heterozygous regions 
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in the elite group include those in or near the large clusters of olfactory receptors at 
58.07-60.54Mb of Chr5; olfactory receptors and EMR2 receptors at 9.2-12.2Mb of Chr7; 
zinc fingers, cationic amino acid transporters, sialic acid-binding Ig-like genes at 57.58-
62.53Mb of Chr18; and transfer RNAs and olfactory receptors at 28.8-31.3Mb of Chr23. 
Fifteen of the twenty six regions with fertility genes were more heterozygous in the elite 
group than in the other contemporary cows. The LPPR1-CYLC2- SMC2 region of Chr8 
had one of the strongest heterozygosity increases, noting that SMC2 has been shown to 
be the causal gene of Holstein lethal haplotype 3[67]. 
Among these regions, those with fertility genes and significant AFD between the elite 
and unselected cows but not between the remaining contemporary cows and the 
unselected cow could be regions associated with decreased fertility in the elite cows but 
not in the remaining contemporary cows, based on the assumption that fertility genes 
with similar frequencies in the selected and unselected cattle should have similar fertility 
performance. Such regions include fertility genes of MECOM, STATA3, CD48-
VANG12-ATP1A4, CYLC2-SMC2, SPAG6, MTDT and BMP15. Similarly, the elite 
cows’ better fertility than the remaining contemporary cows could be contributing to 
fertility genes where the elite cows had insignificant AFD but the remaining 
contemporary cows had significant AFD in comparison to the unselected cattle. Such 
fertility genes include GPR37, SHB, SPAG1, and IL33-ERMP1. For the SOX2-MFN1-
PIK3CA region, Groups IIIa and IIIb had significant AFD when compared to each other 
and to the unselected cattle in opposite directions. 
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Table 2.1. Distribution of allele frequency differences (AFD) of 45,878 SNPs. 
|AFD| 
Number of SNPs 
Random AFD  I vs. II  (1st 20 years) 
II vs. III 
(2nd  20 years) 
I vs. III 
(40 years) 
<0.05 44,746 17,482 28,217 15,214 
[0.05,0.10)  1131 12,520 12,871 11,937 
[0.10,0.15) 1 7912 3917 8330 
[0.15,0.20) 0 4437 802 4974 
[0.20,0.25) 0 2187 64 3906 
[0.25,0.30) 0 908 6 1504 
[0.30,0.35) 0 297 1 611 
≥0.35 0 135 0 366 
>0.10 1 15876 (35.0%) 4790 (10.6%) 18,229 (43.4%) 
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Table 2.2. List of genes with documented fertility functions or effects in or near 
genome regions with signature of selection. 
Male fertility 
(76 genes) 
AATK, ACRBP, AGO4, AGTPBP1, ATP1A4, AZIN2, BIRC6, BSP5, 
CATSPER2, CATSPERB, CTNNB1, DHCR24, DPY19L2, EHD1, 
ELMO1, ELSPBP1, EPAS1, ESRRB, FGF1, FGF4, FGF9, FKBP6, 
GFRA1, GPR37, GPX5, HMGB2, IGF1R, IMMP1L, JMJD1C, 
LUZP2, MAATS1, MLH3, MTDH, MYBL1, NANOS2, NDRG2, 
NKAPL, PGAP1, PRKAR1A, PRSS37, PTCHD3, RAE1, RBM5, 
RNF17, RPGR, SEMA3F, SEPT7, SFPQ, SH3GLB1, SHBG, 
SHCBP1L, SKIV2L, SKIV2L2, SMC6, SOX30, SPACA1, SPAG16, 
SPAG6, SPATA16, SPATA3, SPATA33, SPATC1, SPEF2, SPEM1, 
SRM, SRY, SUMO1, TEKT2, TMEM95, TRPC2, TSPY, TSSK4, 
TTLL5, VRK1, VRK2, YBX2 
Female fertility  
(97 genes) 
ADAM19, AKT1, ALKBH3, ANG2, AR, ARFGEF2, ARPC2, ASH2L, 
BCL2, BMP2, BMP7, BMP15, CCL28, CCND2, CD9, CD48, 
CDC20B, CSE1L, DACH2, DIAPH2, DICER1, DYNLT3, EIF2B2, 
ERMP1, ESR1, FGF16, FGF23, FLRT3, FMN2, GHR, GREM1, 
HMGCR, HSF1, HSPA1A, IGFBP1, IGFBP3, IGFBP7, IL33, IL6ST, 
INSL5, ISM1, KAT8, KIF16B, KITLG, LAMC1, LATS1, LATS2, 
LLGL1, LMO4, MAPK3, MECOM, MFN1, MMADHC, MST1, 
MTOR, MYO18B, NELL2, NEURL4, NTRK2, NTRK3, NUPR1, 
PAPPA2, PCDH11X, PCDH12, PDE4B, PELO, PGF, PIK3C3, 
PIK3CA, POF1B, POLR3G, POU5F1, POU6F2, RAB10, 
RAPGEF2, RBX1, REV3L, RSBN1L, SFMBT2, SHB, SMAD4, 
SMC2, SMG7, SMN2, SOX4, SPAG1, STIM1, SULF1, SULF2, 
TARDBP, TMED2, TMEM60, TSG6, UBIAD1, UCHL3, VANGL2, 
ZP4 
Fertility in both 
males and 
females 
(22 genes) 
ATHFR, ATP6V0A2, FANCC, FSHR, GHSR, HMGB2, HSD17B12, 
IL6R, IMMP2L, LHCGR, LOXL4, MSH5, NPC2, PRLR, PUM1, 
SLC39A10, SOX2, SPO11, STAR, TYRO3, UBB 
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Figure 2.1. Phenotypic changes due to selection since 1964 for milk yield (A) and 
daughter pregnancy rate (B). The genetic merit of milk yield increased but daughter 
pregnancy rate decreased steadily for the U.S. Holstein cows and the University of 
Minnesota (UMN) selected cows. The UMN cows unselected since 1964 remained 
relatively unchanged for milk yield and daughter pregnancy rate. 
 
B 
A 
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Figure 2.2. Multidimensional scaling plot of the first dimension versus the second 
dimension of the SNP identity by state distances: Genome landscape shift from the 
unselected Holsteins at the lower left to the elite Holsteins at the upper right (A) and 
Time trend of the changing Holstein genome (B).  
  B 
A 
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Figure 2.3. Examples of selection signatures identified by all four measures of 
selection signatures, long-range standardized allele frequency differences and 
heterozygosity differences between Groups III and I, and between Groups IIIb and 
I. a, The 54.5-57.8Mb region of Chr07. b, The 35.9-37.2Mb region of Chr12. c, The 
16.1-17.9Mb and 43.6-44.5Mb regions of Chr16. d, The 25-28Mb region of Chr23 that is 
approximately the bovine major histocompatibility (MHC) region.   
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Chapter 3 
Haplotype-based selection signature analysis in three Holstein 
cattle groups 
 
3.1 Introduction 
 Haplotype data have been widely used in GWAS and selection signature analysis, as 
well as in many other studies including imputation. Haplotype-based analysis is more 
powerful than SNP-based analysis because a haplotype may carry or is linked to more 
QTLs than a single SNP. In dairy cattle population where the linkage desequilibirum is 
high due to the small effective population size (Ne) and strong artificial selection, 
haplotype-based selection signature analysis has even more advantages than single-SNP 
analysis.  
In this chapter, we generated the haplotype data for three groups of Holstein cattle, 
and compared the haplotype-based statistics between those groups. As a result, we 
validated a number of selection signatues from SNP-based analysis, and found new 
selection signaures from haplotype-based analysis.    
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3.2 Material and Methods 
3.2.1 Study population 
A total of 2,366 Holstein cattle were genotyped using the Bovine 50K SNP array, as 
described in Chapter 2. Based on animal herd information and birth year, we split them 
into four groups of interest, control group (C; N = 301), middle group (G; N = 216), 
UMN selected group (S; N = 151), and contemporary group (M; 1990). The control 
group includes mostly cattle from the UMN control herd and 10 old bulls born before 
1958 that were no longer under artificial selection since then. The middle group includes 
bulls born between the years from 1975 to 1985. The UMN selected group includes cows 
maintained and selected in UMN at the same time as the UMN control herd. The 
contemporary group includes cows born after 1990. Using this design of four groups, we 
anticipated to show genome differences between C and S or M with G in the middle if 
they are associated with the complex traits under artificial selection including mostly 
milk production and possibly cattle reproduction. 
 
3.2.2 Haplotype phasing, frequency and diversity 
After quantity control procedures, the 2,366 genotype data were phased into 
haplotypes using the Findhap program at the Animal Genomics and Improvement 
Laboratory (AGIL), USDA. Findhap was reported to be fast and have high accuracy in 
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cattle studies. Using Findhap, the 50K SNPs were divided into 621 genome segments 
with about 100 SNPs in each segment. For each segment, two haplotypes were identified 
and assigned to an animal based on the SNP genotype.  
Because many forms of haplotypes (alleles) at each segment can be identified, we 
focused on the five most frequent ones in the C and M groups in our analysis. Within 
each of the four groups (C, G, S, and M), we calculated the frequency for the five most 
frequent haplotypes in C and M, respectively (Figures 3.1 and 3.2). We also calculated 
and summarized the site frequency spectrum of the haplotypes within each segment. In 
particular, we counted the number of haplotypes with frequency greater than 0.01 within 
each of the 621 genome segments.  
 
3.2.3 Pairwise comparison of haplotype frequencies 
To identify genomic regions that differ due to selection, we compared the frequency of 
haplotypes between the four groups (pairwise). Since we are mostly interested in the 
difference between control and selected groups, the five most frequent haplotypes in C 
and five in M were included in the analysis. Under the model of neutrality (by chance), 
we expect to identify haplotypes with large frequency difference between C and M: 1) 
high frequency in C and low frequency in M from the 5 most frequent haplotypes in C, 
and 2) low frequency in C and high frequency in M from the 5 most frequent haplotypes 
  
 
 
35 
 
in M. Other haplotypes not included here will be less different between C and M than 
those included. 
 
3.3 Results and Discussion 
3.3.1 Asymmetric distribution of haplotypes with different frequencies in control 
and selected groups 
Our analysis is unbiasedly designed to detect two types of frequency differences, high 
frequency in C and low frequency in M, and low frequency in C and high frequency in 
M. However, large frequency differences are much more enriched in the latter category, 
low frequency in C and high frequency in M (Figures 3.2 and 3.4). Using 0.2 as a cutoff 
value, we identified a total of 54 haplotypes that are more frequent in M than in C (Tables 
3.1 and 3.2), none of which are the other way around (more frequent in C than in M). 
Such an asymmetric distribution of haplotypes with different frequencies in the control 
and selected groups could be related to the reduced effective population size and strong 
positive selection on a few “optimum” haplotypes that carry favorable mutations 
associated with best milk production. Because the increasing intensity of selection in 
cattle breeding, the chance is much higher to see a haplotype (likely from an influential 
bull with a large number of offspring) to have a high frequency in the contemporary 
group than in the control group. 
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To further verify the hypothesis of decreased effective population size with time, we 
checked the site frequency spectrum of the haplotypes. First, we compared the 
frequencies of the most frequent haplotypes in each of the four groups. As shown in 
Figure 3.5, the most frequent haplotypes in the control group tend to have larger 
frequency than those in the contemporary group, indicating a larger effective population 
size for the control group. Consistently, additional analyses using other haplotypes (the 
2nd most frequent to the fifth most frequent) showed the same trend (Figure 3.5). Second, 
we calculated the number of unique haplotypes in each segment within each of the four 
groups. To reduce possible genotyping and phasing errors, we filtered all haplotypes with 
frequency not greater than 0.01. Except for the UMN selected group that has the smallest 
sample size and possibly largest variation due to random noise, the other three groups (C, 
G, and M) showed a consistent pattern with previous results that the control group (C) 
has the largest number of unique haplotypes, the contemporary group (M) has the 
smallest number of haplotypes, and the middle group (G) is in between (Figure 3.6), 
suggesting a continuous reduction of effective population size in the past.  
 
3.3.2 Genomic loci mostly different between the control and selected groups 
Using Manhattan plots of the haplotype frequency, frequency difference, and number 
of haplotypes (Figures 3.1-4 and 3.7), we identified 10 genomic loci that exhibit large 
difference between the control and selected groups on Chromosomes 1, 2, 5, 7, 8, 10, 11, 
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13, 16, and 20, one locus on each chromosome (Tables 3.1 and 3.2). For most of these 10 
loci, results from haplotype frequency difference and number of unique haplotype are 
consistent, suggesting stronger evidence supporting the findings from multiple analyses 
(Tables 3.1 and 3.2). We compared this result with the SNP-based results in Chapter 2, 
and six loci out of 10 (Chromosomes 2, 5, 7, 8, 10, and 20) are confirmed to show some 
reproduction-related evidence.  
 
3.3.3 Conclusions 
Collectively, our conclusions include: 1) Selection since 1964 resulted in genome 
landscape changes; 2) Diversity in Holstein has drastically reduced due to selection; 3) 
Haplotype-based selection signature analysis is a good compliment of the SNP-based 
analysis because haplotype-based selection signature analysis confirms identified 
signatures by SNP-based test and haplotype-based selection signature analysis can detect 
additional selection signals. In the future, those candidate regions under selection can be 
used in genomic selection to increase prediction accuracy for production, reproduction 
and health traits in dairy cattle. 
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Table 3.1. Haplotypes show large frequency difference between control and selected groups based on the 5 most frequent 
haplotypes from the control group. Listed haplotypes include the top 10 haplotypes between control haplotype 1 and modern group 
as well as any other haplotypes that show an allele frequency difference larger than 0.2 from the control group. D_cm1 is the 
frequency difference between C and M for the most frequent haplotype from C (Hap#1 in C). N_C is the number of the unique 
haplotype in C with frequency greater than 0.01. 
 
#Seg Chr Start End D_cm1 D_cs1 D_cg1 D_cm2 D_cm3 D_cm4 D_cm5 N_C N_G N_S N_M 
60 2 114262794 117642353 -0.20737 -0.15511 -0.0949 0.024202 0.056 0.047652 0.046 26 21 22 18 
61 2 117735021 122019234 -0.20707 -0.16022 -0.11222 0.05 0.047303 0.042 -0.03178 27 21 25 16 
62 2 122043704 126341038 -0.21546 -0.15435 -0.09622 0.059561 0.052 0.041303 0.034774 28 18 28 17 
63 2 126372006 129768904 -0.17831 -0.14057 -0.07417 0.052 -0.0182 0.046 0.024321 25 20 30 19 
65 2 133737741 136305920 -0.25686 -0.23495 -0.17101 0.084955 -0.01229 0.02308 0.048606 28 17 20 16 
144 5 97166662 101442885 0.058955 0.06 0.052991 0.012007 0.056 0.052955 -0.20192 31 18 28 14 
145 5 101493043 105621447 0.105909 0.104622 0.103327 0.080258 0.020641 -0.22325 0.043303 27 18 25 13 
190 7 42262165 47717578 0.02301 0.04673 0.033121 -0.21023 0.056 -0.04277 0.051303 25 18 19 11 
267 10 52814637 57297166 -0.20596 -0.07662 -0.1571 0.034578 0.045652 0.035031 0.042 25 20 26 13 
268 10 57427043 62511957 0.095561 0.084486 0.083981 -0.05001 -0.2582 0.053652 0.040683 26 18 23 11 
269 10 62544551 68199588 0.066 0.066 0.061327 -0.06109 -0.21517 0.020718 0.051561 27 19 28 14 
270 10 68231955 72769319 0.101714 0.082216 0.059925 -0.22698 0.075895 0.085303 0.053909 29 20 27 17 
281 11 6188577 9905475 -0.14482 -0.10505 -0.0989 0.074 0.022913 0.010369 0.042 28 17 25 18 
331 13 28095457 33201457 0.104509 0.091054 0.068542 0.073728 0.07 -0.20228 0.002188 24 21 23 16 
469 20 27530784 32045791 -0.19808 -0.07635 -0.06729 0.059303 0.044 0.042 0.035909 26 11 27 14 
470 20 32074342 35639448 -0.15557 -0.1013 -0.08204 -0.01376 0.060955 0.056 0.049652 20 9 19 11 
471 20 35684389 39727100 -0.23326 -0.20259 -0.13136 0.102077 0.076927 0.056955 0.048 24 14 20 11 
473 20 44351953 49784650 0.118592 0.117865 0.085944 0.104606 -0.21921 0.056167 0.052 24 14 19 9 
  
 
 
39 
 
Table 3.2. Haplotypes show large frequency difference between control and modern 
groups based on the 5 most frequent haplotypes from the modern group. Listed 
haplotypes include all haplotypes that show an allele frequency difference larger than 0.2 
between the two groups. D_cm1 is the frequency difference between C and M for the 
most frequent haplotype from C (Hap#1 in C). N_C is the number of the unique 
haplotype in C with frequency greater than 0.01. 
 
#Seg Chr Start End D_cm1 D_cs1 D_cg1 N_C N_G N_S N_M 
11 1 46518842 52007154 -0.27118 -0.30081 -0.14187 31 16 23 19 
12 1 52030982 56181944 -0.25099 -0.232 -0.12686 28 20 21 19 
13 1 56193336 61469035 -0.27805 -0.27365 -0.13551 25 21 24 19 
14 1 61495059 65624310 -0.22753 -0.23649 -0.13084 29 24 27 22 
15 1 65663517 70159840 -0.23528 -0.23111 -0.14052 27 18 21 17 
56 2 95141342 101409902 -0.20192 -0.19532 -0.09179 21 13 20 16 
60 2 114262794 117642353 -0.20737 -0.15511 -0.0949 26 21 22 18 
61 2 117735021 122019234 -0.20707 -0.16022 -0.11222 27 21 25 16 
62 2 122043704 126341038 -0.21546 -0.15435 -0.09622 28 18 28 17 
64 2 129809374 133699531 -0.21024 -0.20711 -0.10484 30 18 24 19 
65 2 133737741 136305920 -0.25686 -0.23495 -0.17101 28 17 20 16 
144 5 97166662 101442885 -0.20192 -0.19662 -0.25374 31 18 28 14 
145 5 101493043 105621447 -0.22325 -0.22289 -0.19665 27 18 25 13 
190 7 42262165 47717578 -0.21023 -0.1307 -0.09856 25 18 19 11 
191 7 47779803 54513838 -0.23668 -0.14665 -0.11482 26 19 24 13 
192 7 54567919 59405737 -0.23284 -0.15678 -0.1195 26 15 21 12 
193 7 59447780 63542128 -0.21472 -0.13651 -0.11015 27 17 23 13 
212 8 30407640 35339110 -0.21786 -0.15003 -0.13819 24 23 28 18 
215 8 45113463 49837145 -0.21612 -0.14327 -0.13819 25 21 28 17 
216 8 49925026 54083456 -0.20559 -0.18119 -0.14153 27 18 27 16 
217 8 54105059 59054244 -0.21709 -0.22511 -0.15789 25 19 22 15 
218 8 59085873 63875597 -0.25855 -0.24876 -0.15088 21 24 21 15 
219 8 63931756 68588863 -0.21691 -0.18181 -0.13852 25 23 22 19 
220 8 68623725 73881694 -0.23798 -0.21284 -0.16822 26 18 24 18 
221 8 73907982 78890670 -0.28915 -0.21449 -0.16725 25 15 20 13 
261 10 26146027 29967808 -0.22127 -0.10011 -0.10415 23 20 32 21 
264 10 40432932 45207315 -0.20174 -0.125 -0.08178 31 22 29 18 
265 10 45237046 48926752 -0.21772 -0.16043 -0.07379 25 23 23 17 
266 10 49013809 52814326 -0.28302 -0.16354 -0.19893 27 21 30 14 
267 10 52814637 57297166 -0.20596 -0.07662 -0.1571 25 20 26 13 
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268 10 57427043 62511957 -0.2582 -0.13857 -0.1703 26 18 23 11 
269 10 62544551 68199588 -0.21517 -0.10416 -0.14994 27 19 28 14 
270 10 68231955 72769319 -0.22698 -0.162 -0.12695 29 20 27 17 
277 10 97300873 100974235 -0.22265 -0.19932 -0.16121 27 17 26 16 
331 13 28095457 33201457 -0.20228 -0.13457 -0.11256 24 21 23 16 
395 16 34994367 38944217 -0.20636 -0.17368 -0.05407 27 20 22 16 
468 20 23052519 27503083 -0.23114 -0.16657 -0.12353 24 15 24 17 
471 20 35684389 39727100 -0.23326 -0.20259 -0.13136 24 14 20 11 
473 20 44351953 49784650 -0.21921 -0.11795 -0.05751 24 14 19 9 
 
  
 
 
41 
 
 
 
Figure 3.1 Manhattan plots of haplotype frequencies in the four groups. Only the top 
5 most frequent haplotypes from the control group are included: A) the most frequent 
haplotypes in control; B) the second most frequent haplotypes; C) the third most frequent 
haplotypes; D) the fourth most frequent haplotypes; and E) the fifth most frequent 
haplotypes. 
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Figure 3.2. Pairwise haplotype-frequency differences between four groups based on 
five most frequent haplotypes from the control group. 
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Figure 3.3. Manhattan plots of haplotype frequencies in the four groups. Only the 
top 5 most frequent haplotypes from the contemporary group are included: A) the most 
frequent haplotypes in control; B) the second most frequent haplotypes; C) the third most 
frequent haplotypes; D) the fourth most frequent haplotypes; and E) the fifth most 
frequent haplotypes. 
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Figure 3.4. Pairwise haplotype-frequency differences between four groups based on 
five most frequent haplotypes from the contemporary group. 
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Figure 3.5. Boxplot of frequencies of five most frequent haplotypes in C (N = 5) and 
M (N = 5).  
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Figure 3.6. Boxplot of number of haplotypes with frequency greater than 0.01 across 
all genome segments in the four groups. 
 
 
 
 
 
 
  
 
 
49 
 
 
  
 
 
50 
 
 
 
Figure 3.7. Manhattan plots of the number of haplotypes with frequency greater 
than 0.01 in the four groups, C, G, S, and M. 
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